Both autonomic nerve activity and electrical remodeling are important in atrial arrhythmogenesis. Therefore, dogs with sympathetic hyperinnervation, myocardial infarction (MI), and complete atrioventricular block (CAVB) may have a high incidence of atrial arrhythmias. We studied eight dogs (experimental group) with MI, CAVB, and sympathetic hyperinnervation induced either by nerve growth factor infusion (n ϭ 4 dogs) or subthreshold electrical stimulation (n ϭ 4 dogs) of the left stellate ganglion. Cardiac rhythm was continuously monitored by a Data Sciences International transmitter for 48 (SD 27) days. Three normal control dogs were also monitored. Six additional normal dogs were used for histology control. Paroxysmal atrial fibrillation (PAF) and paroxysmal atrial tachycardia (PAT) were documented in all dogs in the experimental group, with an average of 3.8 (SD 3) episodes/day, including 1.3 (SD 1.6) episodes of PAF and 2.5 (SD 2.2) episodes of PAT. The duration averaged 298 (SD 745) s (range, 7-4,000 s). There was a circadian pattern of arrhythmia onset (P Ͻ 0.01). Of 576 episodes of PAF and PAT, 236 (41%) episodes occurred during either sustained or nonsustained ventricular tachycardia (VT). Among these 236 episodes, 53% started before VT, whereas 47% started after the onset of VT. Normal dogs did not have either PAF or PAT. The hearts from the experimental group had a higher density of nerve structures immunopositive (P Ͻ 0.01) for three different nerve specific markers in both right and left atria than those of the control dogs. We conclude that the induction of nerve sprouting and sympathetic hyperinnervation in dogs with CAVB and MI creates a high yield model of PAF and PAT. electrophysiology; stellate ganglion; atrial arrhythmia; pathology PAROXYSMAL ATRIAL FIBRILLATION (PAF) and paroxysmal atrial tachycardia (PAT) are characterized by spontaneous onset and offset of the arrhythmias without any apparent outside intervention. It is difficult to determine the mechanisms of paroxysmal atrial arrhythmias in part because a clinically relevant animal model is not available. Many clinical studies (1, 4) suggested that autonomic nervous system hyperactivity, electrical, and structural remodeling are important factors for the development of atrial arrhythmias in humans. Chen's laboratory (3) has developed an animal model of paroxysmal ventricular tachycardia (VT), ventricular fibrillation, and sudden cardiac death by the induction of cardiac nerve sprouting and sympathetic hyperinnervation in dogs with complete atrioventricular block (CAVB) and myocardial infarction (MI). In that study, cardiac nerve sprouting was induced by chronic (4 -5 wk) infusion of NGF to the left stellate ganglion (LSG). The onset of VT was preceded by an increased ventricular rate, suggesting sympathetic activation. However, atrial activation cycle lengths lengthened after the termination of VT, suggesting that VT induced vagal activation (3). Because a combined sympathetic and vagal activation could facilitate the development of atrial fibrillation (AF) (13), it is possible that spontaneous AF episodes could occur during VT in this animal model. Chen's laboratory (15) subsequently showed that subthreshold electrical stimulation of the LSG can induce even more nerve sprouting and a significantly higher incidence of spontaneous paroxysmal ventricular arrhythmias than NGF infusion to the LSG. Because these dogs had continuous atrial and ventricular recording through implanted Data Sciences International (DSI) transmitters, we performed a retrospective analysis of the atrial rhythms recorded in these dogs. The purpose was to test the hypothesis that atrial sympathetic hyperinnervation in dogs with electrical and structural remodeling can lead to PAF and PAT and provide an experimental model for these arrhythmias.
-Both autonomic nerve activity and electrical remodeling are important in atrial arrhythmogenesis. Therefore, dogs with sympathetic hyperinnervation, myocardial infarction (MI), and complete atrioventricular block (CAVB) may have a high incidence of atrial arrhythmias. We studied eight dogs (experimental group) with MI, CAVB, and sympathetic hyperinnervation induced either by nerve growth factor infusion (n ϭ 4 dogs) or subthreshold electrical stimulation (n ϭ 4 dogs) of the left stellate ganglion. Cardiac rhythm was continuously monitored by a Data Sciences International transmitter for 48 (SD 27) days. Three normal control dogs were also monitored. Six additional normal dogs were used for histology control. Paroxysmal atrial fibrillation (PAF) and paroxysmal atrial tachycardia (PAT) were documented in all dogs in the experimental group, with an average of 3.8 (SD 3) episodes/day, including 1.3 (SD 1.6) episodes of PAF and 2.5 (SD 2.2) episodes of PAT. The duration averaged 298 (SD 745) s (range, 7-4,000 s). There was a circadian pattern of arrhythmia onset (P Ͻ 0.01). Of 576 episodes of PAF and PAT, 236 (41%) episodes occurred during either sustained or nonsustained ventricular tachycardia (VT). Among these 236 episodes, 53% started before VT, whereas 47% started after the onset of VT. Normal dogs did not have either PAF or PAT. The hearts from the experimental group had a higher density of nerve structures immunopositive (P Ͻ 0.01) for three different nerve specific markers in both right and left atria than those of the control dogs. We conclude that the induction of nerve sprouting and sympathetic hyperinnervation in dogs with CAVB and MI creates a high yield model of PAF and PAT. electrophysiology; stellate ganglion; atrial arrhythmia; pathology PAROXYSMAL ATRIAL FIBRILLATION (PAF) and paroxysmal atrial tachycardia (PAT) are characterized by spontaneous onset and offset of the arrhythmias without any apparent outside intervention. It is difficult to determine the mechanisms of paroxysmal atrial arrhythmias in part because a clinically relevant animal model is not available. Many clinical studies (1, 4) suggested that autonomic nervous system hyperactivity, electrical, and structural remodeling are important factors for the development of atrial arrhythmias in humans. Chen's laboratory (3) has developed an animal model of paroxysmal ventricular tachycardia (VT), ventricular fibrillation, and sudden cardiac death by the induction of cardiac nerve sprouting and sympathetic hyperinnervation in dogs with complete atrioventricular block (CAVB) and myocardial infarction (MI). In that study, cardiac nerve sprouting was induced by chronic (4 -5 wk) infusion of NGF to the left stellate ganglion (LSG). The onset of VT was preceded by an increased ventricular rate, suggesting sympathetic activation. However, atrial activation cycle lengths lengthened after the termination of VT, suggesting that VT induced vagal activation (3) . Because a combined sympathetic and vagal activation could facilitate the development of atrial fibrillation (AF) (13) , it is possible that spontaneous AF episodes could occur during VT in this animal model. Chen's laboratory (15) subsequently showed that subthreshold electrical stimulation of the LSG can induce even more nerve sprouting and a significantly higher incidence of spontaneous paroxysmal ventricular arrhythmias than NGF infusion to the LSG. Because these dogs had continuous atrial and ventricular recording through implanted Data Sciences International (DSI) transmitters, we performed a retrospective analysis of the atrial rhythms recorded in these dogs. The purpose was to test the hypothesis that atrial sympathetic hyperinnervation in dogs with electrical and structural remodeling can lead to PAF and PAT and provide an experimental model for these arrhythmias.
METHODS
The research protocol was approved by the Institutional Animal Care and Use Committee of the Cedars-Sinai Medical Center (Los Angeles, CA) and followed the guidelines of the American Heart Association. The studies included data from a total of 17 dogs, including 3 normal dogs with chronic cardiac rhythm monitoring using a DSI transmitter and 6 normal dogs for histological control. In addition, we studied 8 dogs with nerve sprouting, sympathetic hyperinnervation, MI, and CAVB. Six of the latter 8 dogs were included in a previous study (15) on ventricular arrhythmias. We did not realize until the study was published that there were spontaneous atrial arrhythmia episodes in the same dogs. We have now performed retrospective analyses of the data acquired by the DSI transmitters for atrial arrhythmias and performed atrial nerve density analyses in the same dogs. These data on atrial arrhythmia and atrial nerve densities have not been previously reported.
Experimental group: dogs with MI, CAVB, and nerve sprouting. The experimental group included eight dogs [23.1 (SD 2.3) kg] that underwent general anesthesia for sterile surgery. The details of the surgical preparation have been previously reported (15) . Briefly, CAVB was induced by radiofrequency ablation of the atrioventricular (AV) junction. MI was induced by ligation of the left anterior descending coronary artery below the first diagonal branch. Subthreshold electrical stimulation was given to the LSG in four dogs, and NGF infusion was given to the LSG in four dogs. We sutured bipolar electrical wires to the atria and to the ventricles. Both atrial and ventricular leads were connected to a DSI transmitter in a submuscular chest pocket for continuous recording with a sampling rate of 1,000 per second. A pacemaker was used for continuous backup pacing at 40 beats/min. Cardiac rhythm was continuously monitored through a DSI transmitter for 48 (SD 27) days. Two additional dogs of that study (15) were monitored only with an implantable cardioverter defibrillator. These latter two dogs were not included in the present study.
Control groups. We performed sterile surgery under isoflurane general anesthesia in three normal dogs. Through a skin incision at the level of fourth left intercostal space, a subcutaneous pocket was created, and a DSI transmitter was implanted. Two bipolar electrodes from the DSI transmitter were tunneled through the subcutaneous tissues to the midsternum and to the back of the chest. The wound was closed, and the ambulatory ECG was recorded over a 2-wk period. The data were analyzed to determine the cardiac rhythms of normal dogs. The hearts from an additional six normal dogs were used for histological control.
Immunocytochemistry. The hearts from the experimental group (n ϭ 6 dogs) and from the normal control group (n ϭ 6 dogs) were removed and fixed in 4% buffered formalin for 1 h and then preserved in 70% ethanol (15) . Tissues were obtained from multiple sites of the left and right atria. The nerve markers tyrosine hydroxylase, synaptophysin, and growth associated protein-43 were stained using 5-m transmural sections. The immunostaining methods and the sources of antibodies have been reported elsewhere (3). The nerve density was measured by using Image-Pro Plus 4.0 software (15) . The nerve density was expressed as the total area of nerve fibers per unit area (in m 2 /mm 2 ). Statistical analysis. We analyzed the cardiac rhythm manually. For normal control dogs, we analyzed all 14 days of recordings. For dogs in the experimental group, we analyzed a total of 11-28 days of the data (see Table 1 for details on each dog). A minimal of 11 days and at least 2 days/wk were analyzed for each dog. Days with poor data quality were excluded from analyses. The actual days analyzed in each dog are presented in Table 1 . We also divided the events into 4-h periods and computed the percentage of events for each dog in each time period. We then used a Friedman nonparametric rank test for repeated measures data to determine whether the event occurred randomly throughout the day. The same statistical methods were used to analyze the occurrence of ventricular arrhythmia throughout the day. Data were presented as means (SD). Nonpaired t-tests were used to compare the means of nerve densities. ANOVA with Dunn's (Bonferroni) correction was used to compare the means of Ն3 groups. P Յ 0.05 was considered significant.
RESULTS
PATs in experimental group. Atrial tachyarrhythmia was diagnosed when there was an abrupt (Ͼ50 beats⅐min Ϫ1 ⅐s Ϫ1 ) increase in the atrial rate to Ͼ210 beats/min and persisted for at least 5 s. The rate of 210 beats/min was selected because it was Ͼ3 SD from the mean of the normal heart rate. We found in each dog multiple episodes of atrial tachyarrhythmias (Ͼ210 beats/min) with abrupt onset and offset. AF is defined by a rapid and irregular rhythm, whereas atrial tachycardia (AT) is defined by a rapid and regular rhythm. We used the term AT rather than atrial flutter to be more inclusive. PAF and PAT were documented in all dogs of the experimental group, with an average of 3.8 (SD 3) episodes/day, including 1.3 (SD 1.6) episodes of PAF and 2.5 (SD 2.2) episodes of PAT. The duration averaged 298 (SD 745) s (range, 7-4,000 s). Table 1 summarizes the characteristics of the atrial arrhythmia documented by the DSI transmitters in each dog studied. Figure 1A shows an example of PAF that occurred during sustained VT. Figure 1B shows an abrupt onset of PAF (arrow), which spontaneously converted to AT. Atrial activations were irregular before the onset of this episode of arrhythmia. Figure 1C shows another spontaneous conversion between AF and AT in the same episode. Figure 1D shows the spontaneous AF termination. When PAF converted to PAT in the same episodes, we counted it as a single episode of PAF. Figure 2A shows an episode of PAT during a period of intermittent VT. Because of complete heart block in both directions, the atrial and ventricular arrhythmias did not interfere with each other. The PAF and PAT did not always occur during VT. For example, Fig. 2B shows AT at an atrial rate of 270 beats/min during a ventricular escape rhythm at 56 beats/ min. Of 576 episodes of PAF and PAT detected in this study, 236 (41%) episodes occurred during either sustained or nonsustained VT. Among these 236 episodes, 53% started before the onset of VT, whereas 47% started after the onset of VT. The remaining episodes occurred during either spontaneous escape rhythm (n ϭ 133, 23% for PAT) or during ventricular pacing at 40 beats/min (n ϭ 209, 36% for PAF).
We determined the exact time of onset in 432 episodes of PAF or PAT. These episodes represent 61% to 100% of the episodes in each dog [54 (SD 20) episodes/dog]. There is an obvious circadian variation of the incidence of PAF and PAT (P Ͻ 0.01) in all dogs studied (Fig. 3) . The arrhythmias occurred most often in the morning and early afternoon and less frequently in the evening. Figure 4 shows the occurrence of atrial arrhythmias (AF or AT) over time in five dogs with the longest follow-up period. The results show that paroxysmal atrial arrhythmias started in week 1 and persisted for up to 14 wk after the first surgery. We noted that weeks 3 and 4 in all five dogs were associated with a lower incidence of arrhythmia than weeks 1 and 2 (or weeks 5, 6 , and 7) (P Ͻ 0.06 by sign test).
Atrial rhythms of normal dogs. The DSI recordings of three normal dogs showed no episodes of PAF or PAT. However, all dogs had significant sinus arrhythmias. The sinus rate ranged from 50 to 180 beats/min, with significant sinus arrhythmias characterized by an abrupt increase or decrease of the heart rate. The rate changed from 55 to 120 beats/min and back to baseline within 5 s in this episode. Cardiac nerve density. The nerve densities at the left and right atria were all significantly (P Ͻ 0.01) higher in the experimental group than in normal control dogs. Figure 5 shows typical examples of atrial nerve distribution in the experimental group as determined by immunostaining using three different markers. Abundant nerves are present in both the right and the left atria. Figure 6 shows the nerve densities of the experimental and the control groups. The experimental group showed significantly higher nerve densities than the control group for all three nerve specific markers.
DISCUSSION
Continuous subthreshold electrical stimulation of the LSG or NGF infusion to the LSG induces atrial nerve sprouting and sympathetic hyperinnervation in dogs with MI and CAVB. These dogs developed multiple episodes of spontaneous PAF and PAT within 1-3 mo after the first surgery. The arrhythmias often occurred in association with VT and were more frequent in the morning than in the evening. In comparison, normal dogs did not have any PAF or PAT episodes. These results show that nerve sprouting and sympathetic hyperinnervation in dogs with electrical and structural remodeling provide an animal model of spontaneous PAF and PAT.
Animal models of PAF. The incidence of AF in healthy domestic animals is low (2) . In a series of 3,000 dogs brought to a large veterinary clinic for examination, 124 abnormal arrhythmia or conduction disturbances ware found in 95 animals. These 124 episodes included 14 atrial premature contractions, 13 AF, 2 atrial flutter, and 3 AT, giving an incidence of 1% (9). Machida et al. (7) evaluated 285 apparently healthy Holstein dairy cows over an 18-mo period. AF was noted in seven cows with an incidence of 2.5%. The authors noted no particular disease conditions in any case at the time of onset of AF and thereafter. Because there has been no high-yield and clinically relevant animal model of PAF, it has been difficult to study the mechanism by which AF occurs spontaneously.
Mechanisms of paroxysmal atrial tachyarrhythmias. Without multiple control groups, it is not possible to determine the relative importance of MI, CAVB, and nerve sprouting in creating this animal model. However, it is known that autonomic nerve activity is important in atrial arrhythmogenesis (4) . There is a circadian trend for the onset of PAF in humans (16, 17) . Sharifov et al. (13) reported that direct infusion of isoproterenol and adrenalin into the sinus node artery can induce AF in 21% of open-chest dogs. Acetylcholine infusion induced AF in 100% of the dogs. Acetylcholine-mediated AF was facilitated by isoproterenol, which decreased the threshold acetylcholine concentration for AF induction and increased the AF duration. These data suggest that both autonomic systems play a role in AF. Scherlag et al. (12) reported that endovascular stimulation of the autonomic nerves within the left pulmonary artery can induce PAF. Similarly, high-frequency electrical stimulation of the pulmonary veins and superior vena cava during atrial refractoriness can induce atrial arrhythmias (11) . The response to the high-frequency stimulation is blunted or prevented after ␤-receptor blockade and abolished by atropine. These findings support the importance of autonomic tone in the induction of atrial tachyarrhythmia in this model.
We noted that the incidence of atrial arrhythmia was lower in weeks 3 and 4 than in earlier weeks 1 and 2 and later weeks 6 and 7. The mechanisms by which this biphasic changes occurred are unclear. Jardine et al. (6) recently documented increased cardiac sympathetic nerve activity after acute MI in a sheep model. Their results showed significantly increased sympathetic discharges for at least 7 days after infarction. An elevated sympathetic discharge as well as acute surgical trauma could be responsible for a high incidence of arrhythmia in the first 2 wk of monitoring in the present study. The increased incidence of atrial arrhythmia in weeks 6 and 7 might be related to nerve sprouting and increased cardiac sympathetic activation. However, because we did not directly monitor sympathetic nerve activity in this study, these hypotheses remain untested.
Association of paroxysmal atrial tachyarrhythmias and VT. We observed in this animal model a high temporal association between PAF and PAT with the development of VT. Because Fig. 3 . Frequencies of PAF and PAT over 24-h period in 6 dogs. We divided the events into 4-h periods and computed percentage of events for each dog in each time period. There is a circadian pattern of arrhythmia frequencies (P Ͻ 0.01), with the peak incidence in early morning. all dogs have CAVB, it was impossible for VT to have induced secondary AF through rapid retrograde AV nodal conduction and for AF to have induced VT through rapid anterograde AV nodal conduction. Rather, the atrial arrhythmia and ventricular arrhythmia in this model might be separate events that shared the same trigger. Because of a statistically significant circadian distribution of PAF and PAT and because the same circadian distribution was observed in VT in the same animal model (3), we propose that there is a common trigger for both atrial and ventricular arrhythmias in this model. Chen's laboratory (3) has previously analyzed atrial and ventricular rate before the onset of paroxysmal VT in this canine model of sudden death. The onset of VT was preceded by accelerated idioventricular escape rhythm, suggesting sympathetic activation leading to the onset of VT. However, after the onset of VT, the atrial rate decreased, suggesting increased vagal tone. These findings suggest that increased sympathetic tone before VT and/or increased vagal tone during and after VT might have played a role in the generation of PAF or PAT in at least some of the PAF and PAT episodes in this model.
An alternative explanation for a temporal association between atrial and ventricular arrhythmias is a reflex-induced change in the cardiac nervous system. The onset of atrial arrhythmia could activate autonomic reflex and induce ventricular arrhythmia, whereas the onset of ventricular arrhythmia could activate autonomic reflex and induce atrial arrhythmia. Because we did not measure sympathetic nerve activity, whether or not there is arrhythmia-induced autonomic activation is unclear. . Difference between experimental group and control group is statistically significant (*P Ͻ 0.05).
Interaction between sympathetic tone and electrophysiological remodeling. In addition to nerve sprouting, concomitant atrial structural and electrophysiological remodeling is also known to occur after the creation of CAVB and/or MI in animals and in humans (8, 10, 14) . These remodeling processes might facilitate the development of cardiac arrhythmia. Yamashita et al. (18) have demonstrated a circadian variation of potassium channel gene expression in rat hearts, further supporting the idea that ion channel function could also play a role in the circadian variation of cardiac arrhythmias. We propose that the mechanisms of PAF and PAT in this canine model most likely were due to an active interaction between autonomic tone and electrophysiological alterations.
Limitations. We did not directly record sympathetic or vagal nerve activity in this study. Therefore, whether or not sympathetic or vagal discharges are causally related to the onset of atrial and ventricular arrhythmias in this model remain undetermined. We have not tested the atrium for electrophysiological or structural remodeling. Although others have reported that the remodeling processes can occur after the creation of MI and/or CAVB in humans and in dogs (8, 10, 14) , the contribution of the remodeling processes in atrial tachyarrhythmias of this model remain unclear. The AT was diagnosed based on the electrical activity recorded from a single pair of bipolar electrodes. It is possible that the regular activation is present only at the recording site, whereas the other atrial regions are in fact fibrillating. Therefore, the PAT episodes might be overestimated, whereas the PAF episodes might be underestimated in this study.
Clinical implications. Feinberg et al. (5) reported that the overall incidence of AF in the United States is 0.89%, affecting Ͼ2 million people. Among this large number of AF patients, roughly two-thirds have sustained AF and one-third have intermittent PAF. The exact trigger of the PAF is unclear, in part because an animal model of spontaneous PAF was not available. In this study we reported a model of PAF and PAT by creating sympathetic hyperinnervation in dogs with MI and complete heart block. There were frequent PAF and PAT episodes in each dog, and a circadian pattern of onset of these atrial arrhythmias. These PAF and PAT episodes often occur simultaneously with VT, which in this model clearly showed a diurnal variation of onset (3, 15) . Most importantly, these atrial arrhythmias occurred in an ambulatory state without investigator intervention. This animal model suggests that elevated autonomic nerve activity may be an important trigger of PAF and PAT. This model provides an opportunity to study the mechanisms associated with spontaneously onset of PAF and PAT in large animals.
